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FORMATION AND COMPOSITION OF THE MOON

Donrn L. Anderson

Seismological Laboratory, California Institute of Technology

Pasadena, California 91109

"There are more things in heaven and earth, Horatlo, than are dreamt
of in your philosophy."
Shakespeare :Hamlet

Abstract

Many of the.propefties of the meoon, including ﬁhe “enrichment" in
Ca, Al, Ti, U, Th, Ba, Sr and the REE and the "depletion" in Fe, Rb, K,
Na and other volatiles can be understood if the moon represents a high
temperature condensate from the solar nebula. Thermodynamic calculations
show that Ca,xAl and Ti rich comﬁounds condense first in a cooling
nebula. The initial high temperature mineralogy is gehlenite, spinel,
perovskite, Ca-Al-rich pyroxenes and anorthite. Inclusions in Type III
carbonaceous chondrites such as the Allende meteorite are composed primarily
of these mineralsand, in addition, are highly enriched in refractories
such as REE relative to carbonaceous chondrites. These inclusions can
yield basalt and anorthosite in the proportions required to eliminate
the eurcopium anomaly, leaving a residual spinel-melilite interior. A
high Ca~Al deep interior does not imply an unacceptable mean density or
moment of inertia for the moon. The inferred high U content of the lunar
inrerior, botﬁ from the Allende analogy and the high heat flow, indicates
a high temperatﬁre interior. The model is consistent with extensive early

melting, shallow melting at 3 A.E., and with presently high deep internal
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temperatures. It is predicted that the outer 250 km is rich in plagioclase
and Fe. The low ivon content of the interior in this model raises the

interior temperatures estimated from electrical conductivity by some 800°C,

1. introduction

The low iron content of the moon, compared to terrestrial, solar
or meteoritic abundances, has lead to many discussions of metal-silicate
fractionation mechanlsms in the solar nebula and has been used as an
argument for both a fission and a capture origin for the moon. The
Surveyor and Apollo missions have shown that the composition of the moon
is anomalous on 6ther counts. It is depleted in voiatiles, as well as
‘iron, and is enriched in refractories. This is true not only for the
surface rocks but for thelr source regions as well and therefore applies
to a considerable fraction of the lunar interior. Therefore, it is clear
that more than just metal-silicate fractionation is required in order to
create a moon from solar or "cosmic" abundances. Although many and
diverse proposals have been put forth to explain the bulk and surface
chemical prope:ties of the moon, most of them assume that material of
chondritic composition was important sometime in the moon's ancestry.

For example, Ringwood [ 1] proposed that the moon formed primarily
from material that vaporized in a massive primitive terrestrial atmosphere.
In the terminal stages of accretion of the earth Fe would be selectively
retained by the earth but Si0 and Mg, along with conventional volatiles,
would enter the atmosphare. Magnesium silicate and silica precipitated
before the other volatiles and collected into planetesimals. These planetesimals
would have been selectively depleted in uranium and thorium because of their

lower volatility. It was proposed that the moon accreted cold from a mixture



of iron-peor mapnesium silicates and planetesimals of primitive origin
(Typa 1 carbonaceous chondrites). He predicted that iron-free enstatite
and quartz would be the most abundant minerals on the moon. Ca and Al,

. because of thelr low volatility would be selectively retained, with Fe,

by the Earth. The low radioactive content would lead to a permanently

cold interior, which would therefore retain the volatile compounds.

The hypotheais:was modified when it was found that the woon is a refractory
rich plaﬁet [2 1. It was proposed that the less volétile material accreted
into chunks and the more volatile material remained as 'smoke' which was
blown away by a cogjeétureﬂ T—Tauri phase of the sun. In a later paper
Ringwood and Green [ 3] propused that the interior was carbonaceous and

the exterior %efractory. We put forth the alternate hypothesis that the
bulk of the moon 18 composed of those elements #nd coﬁpounds that condensed
pricr to the condénsation of iron. Iron, MgSiD3, MgZSiDa and the volatiles:
ware incorporated into the interior in only minor amognts and, probabiy,

only during the terminal stages of accretion. The outer part, ~ 250 km, of

the moon, 1n our model, 1s almost identical to that proposed by Gast [4]
on gzochemical grounds. However, the deep interior is Ca0 and Alzo3 rich
and 1s duminantly dicopside, merwinite and spinel. This assemﬁlage has
acceptable densities and is stable to higher pressures than the Ringwood-

Essene low Ca-Al model lunar pyroxenite.



3a.

2. Roundary conditions

Important constraints have been placed on the origin of the moon

and the evolution of its crust and mantle from detailed geochemical and

geophysical studies:
1. The chemistry of the lunar igneous rocks suggest that tﬁey are
derived from a feldspathic, refractory element-rich, pyroxene-rich
interior [4].
2, The liquids which preceded most lunar rocks were produced by
processes that involved extensive separation of igneous liquids
and crystalline solids [4].
3. That part of the moon that was involved in the formation of the
surface rocks was deficient in volatile elements including Eb,
Na and K compared to carbonaceous chondrites.
4. A major fractionation occurred at ~ 4.6 AE which resulted in
the creation of a high K, Rb, U, Th and REE crust [5]}. The interior
initially supplied Fe-poor and Al-rich materials. Later volcanism,
3.0-4.0 billion years ago, supplied very Fe~rich materials.
5. The so-called LIL elements (large ion lithophile) such as K, Rb,
Cs, Ba, U, Th, Ree and Sr are enriched in the source region of
lunar igneous rocks by a factor of 5-20 times chondritic abundances [4].
6. The composition and temperature of the deep interior must be
consistent with the observed mean density and moment of inertia.
7. The outer ~ 200 km of the moon has had some strength for about
3.7 % 109 years in order to explain the persistence of mascons. The
stronger constraint of a cold @eep interior has been removed by

Anderson and Hanks [6].



These constraints can be gatisfied with the refractory model discussed
in t¢his paper.

3. Composition of the Moon

The enrichmentrof the moon in refractories and deficiency in volatiles
is now well documented {7]. These characteristics are not limited to the
surface materials ﬁut apply also to their source region which may inyolﬁe
the outer several hundred kilometers or 30% of the moon [4]. The enrichment
of refractories 1s so great, compazed to carbonaceous chondritic abundances,
that it has been proposed that a réfractory rich outer layer, rich in Al and
trace element-rich ﬁaterials, wag accreted late in the formation of the moon
{3,4,5]., 7The great thickness (~ 60 km) of the lunar "crust" as measured from
the lunar seismic experiment [Bj also suggests that a large part of the
moon was involved in the differentfation or fractionation process. The
degree of partial meiting required to produce the Apollo basalts is probably
in the range of 3 to 30% {4,91. If the crust is mostly basalt and anorthosite,
very extengive differentiation of most if not all of the moon is required.
The high heat flow [10]suggests that the high concentration of U is not just
a near surface phenomenon but must extend to a depth aﬁ least as great as the
thermal diffusioﬁ length, » 100 ~ 300 km. Therefore the enrichment of Ca,
Al and U and probably the other refractories such as Ba, Sr, and REE occurs for
a substantial fraction of the moon and may be a property of the moon as a
whole. That is to say the whole moon may be refractory and represent a
high temperature condensate from the solar nebula.

Gast [4] and Ringwood [ 2] have proposed inhomogeneous accretion models
in which the interiors of the Earth and the moon were imitially more volatile

rich thaa the exteriore. This is the reverse of the acéretion-durins-condensation



sequence proposed by Clark et al. [11] and developed by Anderson {12,13]

and Anderson and Hanks [1%]. There is abundant evidence that the surface
rocks of the moon and their inferred source regions are enriched in refractories
and depleted in volatiles but it does not follow, and there is no ev;dence
to support, a volatile rich interior, either initially or at present. Gast
and McConnell [15] following Wetherill {[16) and Ringwood and Essene (9 ]
belleve that the whole moon cannot be vich in Ca and Al because of the
presumed inversion to eclegite at modest pressures. They therefore proposed,
as have others, that the primitive moon had a more ferromagnesium interior |
composition that accreted from material that separated from the solar nebula
at iow temperatures and the interlor may approach chondritic composition.

We will show that this inference is invalid and that the whole moon may,

in fact, have the characteristics determined by Gast [4) to be appropriate
for the outer shell.

Elemeat by element comparison of lunar basalts with carbonaceous chondrites
have been made by many workers (see for example, the summaries by Mason and
Melson [17] and Ganapathy\ggjig, {18]). The basalts are clearly enriched in
refractories and depleted in volatiles compared to chondrites. If we quantify
the terms "refractory” and'volatile" in terms of condensation temperature from
a gas of solar composition the cutoff seems to occur in the vicinity of diren
and K-feldspar or & 1470°K [for PT = 1073 atm]. The bulk of the moon is clearly
deficient in iron relative to solar or chondritic abundances and, considering
that K is probably concentrated toward the surfgce, the bulk moon 1s likely

also to be depleted 1; potassium; the K/U, a volatile/refractory pair, ratio

is lower than terrestrial or choundritic values.



Figure 1 summarizes the well known basalt~chondrite rélations and
shows, in addition, that the lunar anorthosites are also enriched in the
refractories and depleted in the volatiles., 1In this fipgure the circles
and the solid lines refer to lunar vs. carbonaceous chondrites. Note that
only a few of the data bars - representing the range exhibited by lunar
anorthosites and basalts-straddle the 45° line. The triangular data
points and the dashed lines are the same lunar data plotted against
Ca-Al rich inclusions of the Allende meteorite. We will discuss these
inclusions in detail im Section 5., There 1s a very good agreement
between the lunar surface rocks and the Allende inclusions for both the

major snd the trace element refractories.

4. Properties of the early condensate

The condensation sequence of elements and compounds from a cooling
cloud of solar composition has been calculated by Larimer [19], Lord [20]
and Grossman [21]. The early condensates (Table 2) ére Al, Ca and Ti compounds
such as gehlenite (Ca2A123107), spinel (MgAlzoa) and perovskite (CaTiOB).
These compounds all condense before iron. The relative absence of iron in
the moon suggests that it may have accreted from these compounds. Under non-
equilibrium or lower pressure conditions such compounds as diopside (CaMgsi 06)‘
forsterite (M325104) and anorthite (CaAl Si 0 )
also condense befo;e irorn. ‘The early condensates will therefore be

enriched in Ca, Al and Ti relative to Mg,Si and Fe which are the main

constituents of the‘earth's mantle and chondritic meteorites. They will



7.

also probably be enriched in the REE and other refractories which substitute
readily for Ca, and may be enriched in Th and U which are relatively
refractory. KZO, S, Nazo, s, Hzﬂ and other volatiles will be deficient in

the early tondensate.
N

The amount ﬁnd composition of the material that condenses from the solar nebula
at high temperature can be estimated in several ways. The average composition
of the solar nebula can be estimated from solar and chondritic abundances.
Column (1) of Table 1 gives solar abundances recalculated to weight percent
oxides. This will presumably be the composition of a fully oxidized plamet
accreted from the solar nebula. The second column gives the amount of
510

Ti0,, Al 0., Mg0 and CaO that are involved in the early condensates,

2° 273
3» CazAIZSiO7 and MgAlZDQD Colum (3) gives the composition of a
Ca-Al rich inclusion in the Allende meteorite which is taken here as another

2’
CaTil

approximation to the composition of the early condensatg. The amount of

Fe in the sun is still uncertain soc we have also calculated the fraction

of the early condensate for an iron free sun to obtain an upper bound

on the amount of the high temperature condensate. These condensates
account for 3.2 to 7.47 of the total condensable material. This is roughly
the fraction of the total condensable material (excluéive of H, C and S)
that will condense from a solar nebular prior to the condensation of iron.
Trace element refractories will therefore be enriched in this early
condensate by a factor of 14 to 31. An alternate method is to assume

that carbonaceous chondrites represent the composition of the starting

waterial. In this case, colums (4), (5) and (6), the early condensate



fraction is 5.8 to 9.0% and the enrichment factor of the trace element
refractories 1is 11-17 times chondritic. In this regard it is of interest
that the refractory trace elements are enriched in the Allende inclusions

by a factor of 11 over the whole meteorite and that these inclusions comprise
~ B% of the meteorite, a C3 chondrite.

Figure 2 gives the chondritic-normalized Junar abundances as a function
of condensation temperature of the element or the first condensing compound
containing this element. The condensation temperatures of the REE, Ba and
Sr are uncertaln but thelr average enrichment, shown by the dashed line, is
about the same aslthe other refractorles suggesting thﬁt they condense
over a simlilar temperature range. Grossman [ 21] caleulates that U, La, Sm
and Eu will condense-below 1473°K at 10_3 atm. The U/Th ratio theréfore
may bz lower in the early condensates than in chondrites. It is likely
however, that solid solution effects will allow the condensation of some
refractory trace elements at higher temperature than is the case for pure
phases. Perovakite, for instance, could provide lattice sites for the
removal of the rare earths and other trace elements [2]1] at temperatures
of 1647°K. Crossman [21] feels that the rare earthe will probably condense
over the same temperature interval as corundum, pe:oﬁskite, melilite and
spinel. In the lower part of the figure is shown # plot of the fraction of
the available material that has condensed as a function of temperature
calculated from the results of Grossman [211]. Thg initiation of condensation
of various compounds is indicated by arrows. HNote the rapld increase in

the fraction of materisl which has condensed as the temperature drops below



the condensation temperature of iron and the magnesium silicates.
Conditions in the solar nebula can be expected to drastically change as
temperatures drop to this level. When iron starts to condense the opacity
of the nebula increases substantially and the cooliﬁg rate will decrease.
fme might therefore expect a discontinuity in the evolution of the solar
system at the condensation temperature of iron. If a planet is depleted
in iron it is probably also depleted in post iron condensates such as
olivine and pyroxene, as well as the more conventional volatiles.

The enrichment factor in Figure 2 is simply the reciprocal of the
condensed fraction. It indicates the expected enrichment of the trace
refractories in the condensed phases relative to chondritic abundances.
Note that the refractories are enriched in the moon to above the level
expected in the pre-iron condensates. As the temperature decreases past
the COndensatiﬁn temperature of 1ron the enrichment factor rapidly approaches
unity, i.e. chondritic abundances. Everything that condenses after iron is
apparently deplei:ed in the moon.

Ir is the main anomaly in Figure 2. It is commonly concentrated in
residual high temperature crystals such as chromite and spinel and in sulphide
melts [22,23). Tridium is a siderophile element and may also reside in a
metallic phase at depth in the moon.

Table 2 gives the condensation sequence in a cooling nebula of solar
composition at a total pressure of 1()”3 atmospheres [21]. We will show in
the next section that the Ca~Al rich inclusions of the Allende meteorite

have mineralogies that suggest that they are high temperature condensates.

L]

This 1is supported by their trace element content.
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5. The Allende Meteorite

Theoreti;ally, the early condensates from a cooling solar nebula include
perovskite, spinel, gehlenite, diopside, anorthite and other Ca, Al and Ti
compounds.  This assemblage will be enriched in such refractory trace elements
as RFE, Sr and Ba and, possibly in Th and U, and depleted in such volatiles
as K, Rb, § and ﬁzo. Type IT and III carbonaceous chondrites contain Ca-Al
rich inclusions which involve these minerals and which are enriched in Ba,

S5r and the REE to about the extent predicted in the p:evious section.

The spectacular meteorite shower near Pueblito de Allende, Mexico in
February, 1969 has provided a wealth of data bearing on the nature of the
early condensate. Over 2000 kg of this Type III carbonaceous chondritic
material has been collected te date. In common with other Type II and Type I1II
carbonaceous chondrites the Aliende contalns numeroﬁs large white aggregates
and some chondrules of most unusual chgmistry and mineralogy. The bulk
chemistry of these inclusions is high in Ca, Al and Ti and low in Fe, Mg and
volatiles. We shall refer to these as Ca-Al rich inclusions. The dominant

minerals that have been ldentified in these inclusions include gehlenite

(Ca2A125107), spinel (MgAlZOA)’ fassaite, an aluminous titanium-rich pyroxene

(Ca(Mg,Al,Ti)(Al,Si)ZDB) and anorthite {CaAl 81208). Other minerals include

2
perovskite (CaTin), diopside (CaMgSiZOG), ferroaugite (Ca(Fe,Mg,Al)(Al,Si)éOG),
grossular (C33A12313012), and corundum (A1203). They contain no metallic
iron or olivine. These aggregates have been studied in detail by Clarke et al.

{24], Marvin et al. [25], Gast [26] and Grossman (21]. The texture and the

presence of reaction rims indicate that the inclusions were inserted into
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the matrix at high temperature. The §0'® value of this material is

much more negative than any other meteoritic material [27]

and in the range to be expected for a primary high-temperature condensate
from a nebular gas. Marvin et al. [25]) and Clarkeet al. [24] have noted
the similarity between the composition and mineralogy of the aggre'gates and
the early condensates in a cooling nebula. It is extremely unlikely that
the pecularities of these inclusions could be a result of igneous differentiation
brocesses acting on materj.al of solar or chondritic composition. On the basis
of their bulk chemistry, mineralogy, texture and oxygen 1lsotope ratioes,

the Ca-Al rich inclusions apparently represent the highest temperature
condensates from a gas of solar composition and are therefore the most
primitive solids in the solar system. Grossman [21] has supported this view
with detailed thermodynamic calculations. If this interpretation is correct
they are extremely sigificant in understanding the origin and composition of
the moon [ 6,12,13,14). We will show that many properties of the moon,
including its ov;rall physilcal properties, gross layering and the properties
of the source region of lunar igneous rocks can be explained if the bulk
composition of the moon is similar to that of the Ca-Al rich inclusions.
Although the Allende meteorite has provided the greatest amount of material
for study, similar inclusions have been observed in numerous €2 and C3
chondrites, for example Kaba (28], Sharps [29], Bali R4}, Vigarano {301],
Lance [31], Felix [37], Murchison [33], Leoville [34], Grosneja, Orans,

and Warrentun [25].
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6. Trace elenents

The concenttations of the trace element refractories have been
determined for the Ca-Al inclusions by Gast et al. [26] and Grossman [21] and for
the whole meteorite by Mason and Graham [24] and Wakita and Schmitt [35].

The average enrichment of these elements in the inclusions, which make

up ~ 8% of the meteorite, 1s about a factor of 11, implying that these
refractory elements are almost entirely contained in the inclusions, and,

by implication in the earliest condensates. Europium is concentrated in

the inclusions by ~ 30% more than the average of the other elements. The

U content of the whole meteorlte is 0.019 ppm. If it is concentrated
primarily in tﬁe.inclusions they will contain ~ 0,2 ﬁpm. A single measurement
[21] gives 0.03 for the uranium content of one of tﬁe inclusions which
suggests that U i1s not as refractory as the REE, S5r and Ba, or is not as
easily incorporated into the lattices of the crystal phases found in the
inclusions. For compariszou the average U content of the ﬁoon has been estimated by
Hanks and Anderson [36] to be ~ 0.1 ppm based on thermal history and heat

flow considerations.

Table 3 gives concentrations of Ba, La, REE, Sr, RB, K and U for the

Ca-Al rich inclusicns of the Allende metecrite, the whole meteorite,
carbonaceous chondrites, Apollo 11 basalts and a lunar ancrthosite. The
abundances in the inclusions are approximately 16 times the chondritic
abundances,; colum {(3). In thils respect the Ca-Al inclusions are a much
more satisfactory scurce for the ivnar igneous material than are carbonaceous
chondrites. The first column are abundances in an Allen&e Ca-Al rich

inclusion B6 ]; the second column are whole meteorite abundances [24].
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The anorthosite and basalt have large and opposite europlium anomalles.
The anomaly can be suppressed by mixing basalt with about 5 times as much
anorthosite, colums (6) and (7). The mixture is normalized to carbonaceous
chondrites in column (7} and to the Allende inclusions in column (8). The
lunar basalts are enriched in refractories by more than an order of
magnitude relative to carbonaceous chondrites and a factor of five relative
to the Allende Inclusions. If the composition of the outer shell of the
moon can be accoqnted for entirely by a mixture of basalt plus anorthosite
the absolute abundances can be made comparable to Allende inclusions, as
shown in column (9). This mixture, however, still has a small europium
angmaly relative to elther carbonaceous chondrites or the Ca-Al inclusioms.
Table 4 give the chondritic normalized trace element refractory
abundances for the Allende inclusion and several combinations of the lunar
surface material. Grossman [21] corrected La, Sm, Eu, Sc, Yb and Ir
for matrix contamination and concluded that the Ca-Al rich inclusions were
enriched in these elements by a factor of 20-25 relative to Type I
carbonaceous chondrites. Using different data we obtain, colum (1), an
enrichment factor of 16. Column (2) is the mixture of basalt and anorthosite
required to achieve Allende abundance levels. Column (3) gilves the mixture
of anorthosite and basalt required to satisfy the Allende Sm/Eu and Eu/Gd
ratio. Column (4) is the mixture required to achieve the carbonaceous

chondritic ratios. 1In all cases appreciable Sr, Ba and the REE must be
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retained in the interior if the moon has the abundances of the Ca-Al rich
inclusions. Since the residual crystals in our model amount to ~ 65% of
the mass of the moon (see Section 9) the average REE concentration in the
interior is 17-19 times chondritic levels. The Eu anomaly, relative to
the Ca-Al inclusions, can be eliminated by mixing 0.86 anorthosite and
0.14 basalt, coiumn (9). The exact proportions depend on the choice of
materials, but Wakita and Schmitt {37) obtained almost identical values.
The lunar interior, for our model (spinel, melilite and perovskite) however, is
quite differént from those assumed by the above authors. These high
temperature crystals are able to retain ;he.large ions much more efficiently
than olivines and pyroxenes and these ions will not be as effectively
concentrated in the melt. Tables 3 and &4 give strong support to the
hypothesis that the lunar differentiates involve a primitive, refractory
source reglon and justifies Gast's [4] conclusions regarding the nature
of the source region.

The refractory trace elements support the hypothesis that the
Allende inclusions represent the early condensates of tﬁe cooling solar
nebulae. If the refractory trace elements such as Ba, Sr and the REE

condense early they will be concentrated in the early condensate relative
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to their concentration in the sun or relative to material, such as
carbonaceous chondrites, which are presumably representative of the bulk
composition of the nebulae. In Table 1 we estimated that the early
condensates would be enriched by a factor of 11 to 31 in refractory trace
elements, relative to solar or chondritic abundances. Grossman [21]
estimated an eﬁrichment factor of 20-25. The average enrichment of Ba, Sr
and the REE in the Allende inclusions over carbonaceocus chondrites is 16,
in the range of that predicted.

This study attaches profound significance to the Type ITI carbonaceous
chondrites. To date this class includes 12 falls and 3 finds totalling
in excess of 2400 kilograms. For comparison, the Type I carbonaceous
chondrites, upon which several cosmologies have been constructed, have 4
members and a total recovered weight of 16 kilograms., While it is clear that
the Type I carbonaceous chondrites are primitive objects and are relatively

unmodified they have few of the characteristics required for the moon.

7. Major elements

Table 5 gives the major oxide composition of lunar surface material
and the Ca-Al rich inclusion and, for comparison, a theoretical estimate
of the composition of the early condensate. Colums (3) and (4) are two
estimates of the mean composition of the lunar crust based on trace element
concentrations. Column (3) is the basalt-anorthosite mixture which is
required to give Allende inclusion trace element refréctory levels.

Column (4) 1is the mixture which gives the Allende inclusion Sm/Eu ratio.

REPRODUCIBILITY OF THe
ORIGINAL PAGE IS POOR
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There is little difference as far as the major elements are concerned.
In the CaD-HgO--AlZO?’--SiO2 system with this composition, pyroxene melts at
1235°C, anorthite at 1250°C and gehlenite at about 1400°C. Spinel remains
as a solid until 1550°C. The first melt will therefore be rich in
pyroxene and, as melting proceeds, will become more anorthositic. Column
(5) gives the composition of the early, T < 1250°C, melt and also the late
condensate and can be compared with columns (3) and (4)., The amount of
this material in the inclusion corresponds to a thickness of ~ 270 km on
the moon. |

Colum (6) gives the composition of the incluéion as determined by
Clarke et al. [25]. The Fel, K20 and Nazﬁ contents of the Ca-Al rich
inclusions ére‘highly variable and may represent contamination from the
matrix [21]. The pure inclusions contain less than 1.4 percent Fe [21}.
Colum (7) gives the composition of the high temperature crystals in the
Allende inclusion, a possible composition of the deep, > 270 km, interior.
It would perhaps'be surprising 1f the single Allende aggregate that has
been analyzed were completely representative of the eariy condensate. An
alternate approach is to consider the mineralogy of the early condensate
predicted from thermodynamic calculations. Columm (8) gives the composition
of the condensate prior to the condensation of iron, olivine and enstatite.
The major difference between the theoretical composition and the Allende
aggregate composition is the Mg0 content. This is probably because the
Allende inclusion was armored from complete reaction with MgO(g) therefore

keeping the akermanite content of the melilite below equilibrium levels.
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It appears that the Allende inclusion is capable, in principal,
of satisfying the major element and trace element requirements placed
on the interior by the lunar igneous rocks. We will show that it is

also capable of explaining the geophysical data.

A Ca-Al rich Deep Interior

Ringwood and Essene [9 ] have ruled out a Ca-Al rich interior for
the moon on the b;sis of the mean density and moment of inertis. They
suggest that the coefficient of moment of inertia imﬁlies that important
phase transitions to mich denser states do not occur within the outer_?OO Qm
or so of the moon. Thev conclude that the A1203 and Ca0® contents of the
moon are less than 6 andES percent respectively, This has been adopted as
a boundary condition by Gast [ 4 ] and others leading to the suggestion

that the moon has a Ca-Al rich outer shell. While it is true that garnet,

the principle high density phase, is stable at relatively low pressures in high Al

assemblages, 1t is not the dominate phase until plagioclase or spinel disappear,

which occurs at much higher pressures. This is illustfated in Figure 3

which shows the stability flelds of three high Ca-Al materials. The
compositions of these assemblages are given in Table 6. Also shown

is a temperature depth curve from Hanks and Anderson [36]. For this temperature
profile pyroxene and/or plagioclase are the dominant stable phases until

~ 35 kilobars, which corresponds to depths of ~ 800 km. The densities

of the assemblages down to this depth are the ordér of 3.3-3.4 g/cm3, similar

to those in the Ringwood-Essene model lunar pyroxenite, a hypothetical Ca-Al
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poor assemblage. The high preasure phases have theoretical densities of
the order of 3.5 g/cm? but this theoretical density is only reached
gradually as the pyroxenes react with the garnet. Ito and Kennedy {38],
Green [39] and Boettcher [40] havé all emphasized the two-stage nature
of the densitylincrease.

1t should be noted that, for the temperature profile shown, the
intermediate denslty assemblage is also stable above some 100 km which 1s
interesting in that high seismlc velocitles are found in the lunar "upper |
mantle"[B 1. 1If the outer several hundred km of the wmoon represent a
uniform composition the 70 km discontinuity would represent a kinetic
boundary (the temperature at this depth is almost certainly less than 300°C).
A substantial decrease in both compressional velocity and density is
predicted below some 100 km.

The precipitious drop in electrical conductivity found by Sonnett et al.
f41] startine at 250 km has been attributed {6] to a decrease in
the FeO confent below this level. This can be interpreted in two ways, both
of which are consistent with the present hypothesis. . First, iron starts
to condense and react with previously condensed silicates after the bulk
of the Ca-Al rich silicates have already condensed; The iron rich layer
may therefore be a relic of an initial inhomogeneous accretiom {6 ]. More
reasonable, however, is the view that the outer layers of the moon are
differentiatés.of the bulk of the moon. In a solidifying magma, iron is
strongly concentrated in the residual melt. For example, in the Skaergaard

intyrusion of east Greenland the Fe0 content of the last solidifying layers



19.

is almost 3 times the inferred PeO content of the original liquid [42].
If the lunar basalts and anorthosites are the result of fractional
crystallization, as proposed by Wood et al. [43], Smith et al. [44], and
others, the outer 250 km (35 wt% of the moon) would represent the residual
melt. With the bulk composition of the moon proposed in this paper the
near liquidus phases would be melilite or merwinite and spinel, all of
which are denser thgn the residual liquid. Spinel and melilite crystallize
between 1400 and 1550°C at P~ 0 [46]. Once the melilite and spinel are
removed the remaining liquid is 34.6% of the mass of the original melt, in
agreement with the above calculation.

The density of the low pressure assemblage of the residual crystals
in thé inter{or is about 3.2 g/cm3 (spinel plus melilite). Akermanite, a
major component of melilite, bresks down at moderate pressure, to merwinite
plus diopside [45]. At lunar temperatures this would oceur at about 200 km.

The spinel + merwinite + dlopaside assemblage has a density of 3.4 gICmB.

9, Possible fractionation of an Allende-~like moon

The composition of the Allende inclusion, as reported by Clarke et al.
[2#] has been recast into a mineral assemblage with the following results
(in weight percent); feldspar 28.4%, melilite 39.7%, spinel 25.7%, perovskite
2.3% and diopside 3.97. The near liqﬁidus phases in a similar assemblage
studied by Prince [46] are spinel and melilite. The crystalline sequence

1s spinel at about 1550°C followed by melilite at 1400°C, anorthite at 1250°C
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followed shortly by pyroxene at 1235°C. Fractional crystallization would
give a spinel-melilite or spinel-merwinite-diopside interior and a feldspathic
pyroxenitic surface layer. The refractory interior would comprise
approximately 65% of the mass of the moon. The residual liquid would be
enriched Iin Fe and any trace elements that are incompatible with the spinel
and melilite lattices and would comprise the cuter 250 km of the moon.

The basalts and anorthosites could be derived from this layer either by
further crystal fractionation involving plagioclase floatation, or by
partial melting after solidification. The high U and Th contents of

the surface layer are adequate to remelt the lower portions within several
hundred million years after solidification [36].

The compositién of the outer layer of the moon, obtained by removing
the near 11quidu§ crystals is given in column (1) of Table 7. For
compaxison, column (2) gives a previous "average" crustal composition of
the moon. The similarity 1s remarkable. Column (3) gives the hypothetical.
parent liquid célculated by Gast et al. [47] on the basis.of trace element
distributions and a fractional crystallization model. kThe MgO in colum (3)
1s arbitrary because of lack of information regarding the extent to which
olivine is involved in the source region. Or the other hand the MgO
content of the early condensates is also uncertain; it increases with
falling temperature due to the increasing akermanite content of the
melilite and rises rapidly once olivine and enstatite start condensing. The
moon mway have accreted from material that condensed over a slightly broader
temperature range than the Allende inclusion. Columm (4) is a hypothetical

parent liquid derived from a partial melt model. The agreement with this
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mode . 18 not as good as the fractiomal crystallization model but the 1nferred
A1203 and Ca0 content is still considerably greater than models such as
Ringwood and Essene [9]. Column (5) is the inferred deep interior (> 250 km)
composition (spinel + melilite). For comparison columm (6) gives Gast's [4]
deep interior composition which 1s based on the (invalid) Ringwood {2]
constraint on total Ca0 and A1203. The density of the spinel-melilite
assemblage is 3.2 g/cm3, about the same as the mean density of the Allende
inclusions but ~ 10% greater than the density of the residual melt. At high
pressure akermanite break§ down to merwinite plus diopside with a density of
3.29 g/cm3; a similar reaction presumably occurs for gehlinite. The assemblage
epinel + merwinite + diopside is probably stable through most of the bulk of
the moon. This assemblage has a density of 3.40 g/cma.

The deusiﬁy variation in the moon is likely to be complex. The Apollo
gseismic experiment showed that large velocity jumps occurréd at 25 and 65 km [8].
The very low velocities in the upper 25 km suggest that this reglon 1s porous
or fractured and the density may be as low as 2 g/cm3. The lower crust,
25~65 km, has velocities consistent with gabbroic anorthosite and demsities
may range from 2.7 ~ 3.0 g!cm3 irn this region. The veiocities from 65-120 km [8}
are high and may indicate the transformation to a garnet beaiing assemblage
with densities from 3.3 to 3.7 g/cm3 [48]. A garnet bearing assemblage in
the lynar upper mantle is consistent with the phase diagrams presented in
Ringwood and Essene [9] and Figure 6. At slightly greater depth the garnet
will become unstable because of the rapid rise in lunar temperatures (see
Figure 6) and lower densities, comparable to those in the lower crust, may
prevail until ~ 300 km, at which depth we agailn cross the garnet—in

curve for Ca-Al rich assemblages. However, we have inferred
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a compositional change near ~ 250 km to a spinel-merwinite-diopside
assemblage with o ~ 3.4 g/cma‘ There is abundant flexibillity to satisfy

the mean density and the moment of inertia.

Formation and differentiation of the moon

The derlvation of the lunar suxrface rocks could'proceed from our
assumed composition for the moon in several ways. The following is one
possible scenario:

1) The moon accreted from the material that condensed from a cooling
solar nebula prior to the condensation of significant amounts of iron. The
uncondensed materisl in the vicinity of the accreting moon, including most of
the 1ron and‘the volatiles wers removed by an intense solar wind or were
swept up by the more massive and more favorably dispogsed Earth. From cooling

rate and other considerations, the accumulation of the moon occurred very

. rapidly.

2) The whole moon was enriched in Ca, Al, Ti, U, Th and the REE by

approximately the ratio of the fraction of the material that condenses

before iron relative to chondritic or solar non-volatile asbundances. It was
depleted in Fe, Na, Rb, K and the more volatile elementé.

3) The initial mineralogy of the moon was primarily melilite (solid
solution of akermanite and gehlinite), aluminous clinopyroxene, diopside,

spinel, anorthite and perovskite.
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4) The rapid accretion, the high initial temperatures which are a
congequence of the accretion-during-condensation hypothesis and the high
U and Th abundances (10-16 times chondritic) lead to early and extensive,
and perhaps complete, melting.

5} The near liquidus phases, spinel and merwinite, settle to the
interior. These crystals constitute approximately 65% of the mass of the
moon which corresponds to the volume below some 250 km. The REE, Ba and
Sr are not necessarily strongly fractionated at this stage between crystals
and melts. The melt, in fact, may be slightly depleted.

6) The résidual liquid is approximately 80% anorthosite and yields
anorthosite, upon further cooling, which presumably formed the protocrust
and the highlands, and then pyroxenes from which the basalts were derived
either directly or by partial melting after solidification. An alternate
scheme could involve the complete crystallization of the outer shell followed
by remelting and separation of the basalt liquid. The high U and Th content
of the outer shell permits this possibility [36].

7} The small initial FeQ content of the moon waé strongly concentrated
in the residual melts and therefore concentrated in the outer 250 km of
the moon.

8) The basalts and anorthosites could be derived either by partial
melting or by fractional erystallization, or both, of the outer 250 km of
the moon. The composition of this shell is similar to that inferred by

Cast [4 ].
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Gast {4 ] las ruled out fractional crystallization on the basils that
parent liquids with more than 807 anorthite were implausible. Anorthite
contents of the order of BOZ are a feature of our model and a Fimilar
model for the outer layers of the moon of Wakita and Schmitt [37]. These
estimates are based on the mixing required to remove the europium ;nomaly.
If KREEP basalts are an important component of the Junar crust even higher
anorthosite contents are requlred. A further difficulty pointed out by
Gast with the fractional crystallization model is that the abundance of
such elements as Bf, Sr and REE in the source region must be 15-20 times
that of the average chondrite. These high abundances are'also an intfiaic
feature of our model. Independently, Smith EE.E&: [44] concluded that
the Apolle 11 basalts represent a residual fraction aftér cryatallization
of more than 80 percent of a parent mapgma.

The lunar igneous rocite could be either the result of a single stage
extensive fractioﬁal crystallization or partial melting process, or could
result from a multiple stage process involving beoth. The variation in
the properties of the lunar basalts suggest that secondary processes may
have coperated. Some of the basalts may have crystallized from the residual
melt after the higher temperature crystals were removed by sinking and
floatation andothersﬂmay have formed by partial melting at depth after
crystallizacion of the liquid residiuum.

In order to facllitate comparison with previous models, we will briefly
discuss the model of Wakita and Schmitt [37]. 1t has many elements in common
with the proposals of Smith et al. [44] and Wood et al. [43]. They assumed

as have most previous ipveatigators that the total moon accreted from material
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8imilar to that of ordinary chondritic meteorites. Although their models
are quite different, Gast [4 ] and Ringwood and Green [3 1 also propose

that the bulk of the moon’s interior is chondritic. Wakita and Schmitt [37]
considered [on the basis of a personal commnication from Anders] the use
of “chondrules from carbonaceous meteorites that are significantly depleted
in alkalies and are deficient in metal” but did not pursue this suggestion
because of the lack of sufficient data on the abundances of REE and other
elements in chondrules.

They proposed that the moon was completely molten early in its history
and, after formation of a small Fe core, fractional crystallization of the
high-temperature minerals (in a chondrific ageemblage) olivine and ortho-
Pyroxene, tock place. The light residual magma floated to the surface
from which anorthosites and basalts separated, the light anorthosite floating
on the denser basalt. During this fractional crystallization process the
REE concentration in the vesidual magma increases with the crystallization
of olivine and pyroxene minerals since these can accommodate very little
of the large REE fons. About 93 percent of the mixed olivine plus hypersthene
minerals crystallized from the initial melt leaving ~ 7 percent residua}l
melt with a thickness of ~ 35 km. From this residual melt 84 percent
separated as anorthosites and 16 percent remained as basalts. Although not
stated by them, a feature of the model 1s progressive enrichment of the

melt in FeO and, probably Ti0 The flow chart below illustrates their

2

proposed process.
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chondritic moon
totally melts into

S

93.5% olivine 6.5% residual
’ + pyroxene melt
75% A
hypersthene 257 847 16%
(0.70 mass olivine anorthosites basalt
fration) (0.23) (0.055) (0.0104)

A basically similar scheme can be proposed 1f the original composition
of the moon is Ca-Al rich throughout. The high temperature minerals, in
this case, however, are gehlinite-akermanite solid solutions (at low pressure),
spinel and perovskite and the thickness of the residual is ~ 230 km of
which ~ 30 km is potentially basaltic. The fractionation of iron into
the residual melt provides a high conductivity outer shell. The lattices
of the high temperature minerals, in this model can accommodate the large
REE and other ions although information is unavailable on the distribution
coefficients. The fact that the REE ions substitute readily for catt
suggests that they maj be retained by gehlinite and perovskite. If the
initial concentration of the REE in the Allende inclusion 1s appropriate
for the bulk moon and if the anorthosite~basalt mix discussed previously
is appropriate for the outer shell of the moon (Table 4) it follows
that the melt, the parent liquid of the lunar basalts and anorthosites,

is slightly depleted in REE, relative to the bulk moon, rather than enriched
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as is the case when olivine and orthopyroxemes are the high temperature
phases.

Smith gg_gi, [44]1 opropose that the moon was formed from iron and
volatile depleted chondritic material, after which it was completely melted.
The entire interior was subjected to crystallization differentiation and
the basalts are regarded as the residuum. This hypothesis is the antithesis
of the one presented by Ringwood and Essene [9 ]. Ringwood {49] has
vigorcusly objected to this model, primarily on thermal grounds. Although
the interfor of the moon in the Smith et al. model is formed of concentric
layers of Fe-Ni, olivine and pyroxene rather than melilite and spinel it
has some attractive features, mainly the concentration of Fe and Ti in the
residual liquid and upward floatation of plagioclase (see also Wood et al. [43]
which are in common with the present model. Ringwood's objections would
also be directed to our model. His first concern is with the mechanism that
caugsed complete melting of the moon. In our model complete melting is
not necessary but we see no particular difficulty in this regard. The
high initial temperature of the material that aceretea.on the moon (~ condensation
temperature), the rapid accretion time proposed by Opik [50] and Mizutani [51)
and high U and Th contents (~ 16 times chondritic) all lead to extremely
high initial temperatures. Ringwood [49] considers the evidence for igneous
activity 109 years after solidification of the moon has commenced to be a
fatal difficulty with the.Smith et al. hypothesis. However, the thermal
history calculations of Hanks and Anderson {36 ] show that the moon, even with

strong upward concentration of the heat producing elements (adjusted so that
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the present day heat flow is satisfied) will be above the solidus of lunar
basalts, at 3.7 A.E. in the depth interval 50-400 km. The iater lunar
basalts were probably formed somewhere in this interval and extruded where
the 1ithosphére was thin enough or weak enough that they could makce their
way to the surface. While it is true that the thermal time constant of
the solid outer shell is short the thermal history models show that the
temperature between about 70 and 400 km increases during the first
1.5b.y. of the moon’s life because of the high radiocactivity content in
the upper layers. The other objections of Ringwood [49] are directed
toward the chondritic nature of the Smith et al. model and are not

relevant here.

Depth of Origin

The considerations in this paper and in two previocus papersl[6,12]
reopen the questions of partial melting and fractional crystallizatien,
as discussed in the previous section, and the depth of origin of the lunar
basalts.

Ringwood [49] marshalls a series of arguments in support of his
belief that, the Apollo 1l basalts at least, were derived from a depth
greater than 200 km:

1) The cooling of the moon is too rapid to permit melting to occur at
shallower depths 1 x 109 yvears after the birth of the moon. Hanks and
Anderson {36], however, showed that melts could exist below 50 km at the

appropriate time for generating the younger basalts.
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2) The persistence of msscons for -~ 3.7 b.y. implies an underlying
lithosphers of substantial long-term strength; preservation of mascons
would not be explicable, 1f partial melting occurred in the lithosphere.
Anderson and Hanks [6] showed that substantially higher stresses can be
maintained by the luﬁar lithosphere than are now indicated and that
considerable stress relaxation could have occurred in the early history
of the moon. A thin outer shell can support both the non-hydrostatic

ghape of the moon and the mascons.

3) Extensive fractionation of a considerable portion of the moon is
required in order to cbtain the high levels of the trace element
refractories; near surfacg melting processes are.inadequate. This
argument is based on presumed chondritic abundance patterns and not on

the more plausible 16x chondritic lunar abundances.

The other arguments are also based on presumed chondritlc abundances
or on uﬁltlng experiments which alloﬁ the basalts to be derived from
depths as shallow as 100 km.

The present model is consistent with basalt origin below 200 km but
the small amount of melt znd the great thickness and strength of the
lithosphere in the Ringwood [49] model seem incompatible. 1In one of the
alternétes discussed in Section 10 the later lunar basalts formed by

complete melting of the region between 200 and 230 km. In the other extreme

case they formed by ~ 20% melting of the outer 230 km.
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Inhomogenecus acceretion of the moon

As tentioned previously, it has been suggested séveral times that
the moon accreted inhomogeneously. However, the motivation has been to
enrich the outer layer, in particular, the source regions of the lunar
igneous rocks in Ca, Al, U, Th, Ba, REE and MgO/(FeO + Mg0}. It has
been considered unlikely that the whole moon could exhibit these properties.
However, we have shown that the early condensates in general, and the_
Allende inclusions, in particular provide the necessary characteristics of
the source region and do not violate the inferred properties of the
deeper interior. No primitive layering is required by the geochemical
and geophysical data but chemical zonation as implied by the inhomogeneous
accretion hypotheeialflll 1s a distinct possibility.

The chemical zoning that has been proposed has the interior enriched
in FeO, MgO, 5102 and the volatiles relative to the exterior, which is

kS

enriched in CaO, A120 U, Th and the REE. This is contrary to expectations

3
based on inhomogeneous accretion directly within a condensing solar nebulae.

In this case, the Ca0 and A1203 would increase with depth and $10,, Mg0

and FeO would decrease with depth. The initial distribution of the

refractory trace elements, such as Ba, U, Th and the REE depends on the

phases in which they concentrate upon condensation.. If they occur primarily

in thé gehlenite, perovskite and spinel they can be expected to be concentrated
initially in the center of the moon. If they are concentrated 1n the

pyroxenes they can be expected tc be brought in with the upper layers. If

the moon partially or totally melts upon or affer accretion they will be

redistributed aécordiug to distribution coefficlents between the melt and

the liquidus phases — gehlenite and spinel. A detailed study of the trace
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element refractory distribution among phases in the Allende inclusion
would help vesolve this question.

The present day gross chemical layering in the Moon would be about
the same whether it resulted from inhomogeneous accretion or homogeneous
accretion followed by fractional crystallization or partial melting. In
the inhomogeneous accretion model the phases in the deep interior would
be merwinite, diopside spinel and, possibly, perovskite'and corundum, the
early condensing phases or reaction products. If the moon were ever
totally molten the interior would also be melilitce, or'merwinite,
these are the.near liquidus phases and are denser than the residual melt.
In the partial mwelt model the low melting point and low density phases
are pyroxenes and anorthits, which would rise to the surface to form
the scurce region for the lunar basalts and anorthosites.

A critical test of the alternates involves the distribution of FeO.
In the inhomogeneous accretion model the FeO would be concentrated near
the surface because of the late condensation of iron. ‘In the fractional
crystallization model the residual melt, and hence the surface layers,
would also be strongly enriched in FeO. In the homogeneous accretion,
partial melt model the melt would be only slightly enriched in FeO. The
main evidence bearing on this point, although controversial, is the
conductivity profile of Sonett et al. [41]. They found a three orders
of magnitude drop in electrical conductivity between 250 and 350 km depth,
although other interpretations are possible. This has been interpreted [6]

in terms qf a dramatic decrease in the FeQ content at this depth. The mass
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fraction of the moon below 250 km 48 0.6 which is also the amount of
gehlenite and spiﬁel {the early condensates and also the near liquidus
phases) in the Allende inclusions. Thus the inhomogeneous accretion and
fractional crystallization models satisfactorily account for the gross
layering as interpreted by Sonett et al. [41] and Anderson and Hanks [6].
The outer 250 km in either of these models would be the source region from
which the lunar igneous roéks are subsequently derived by partial melting
or fractional crystallization. This source region ﬁust be enriched in U,
Sr and the REE, relative to chondrites. If these are concentrated in the
early condensates the deep interior must have been involved in the early
and extenslve differentiation and this would favor fractional crystallization '
on the grand scale envisaged by Wood et al. (43]. 1f these trace refractories
are concentrated in the later condensates the interi&r‘néed not be involved
in a major way in the subsequent evolution of the moon. In liu of measurements
on the Allende inclusions our only recourse is to theoretical thermodynamic
calculations. According to Grossman [21], ThO2 condenses between the
condensation temperature of spinel and gehlenite. Thorium is enriched

in the moon to about the same degree as the higher temperature condensates
such as Hf, Y; N, Ta and Sc. U and the REE also have similar enrichment
facters. This suggests that the trace refractories are in the early
condensates and that the whole moon has been invelved in the early
differentiation event. The present chemical zonation of the moon, therefore,
is not necessarily primitive; the moon could initially have been a

homogeneous mixture of the, primarily pre-irom, condensates. However,

~since the Ca-Al rich inclusions in C2 and C3 chondrites commonly
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exhibit a zonation it is of Intersst to discuss a possible primitive
zonatfion in the wmoon.

There are two possible variants of the direct hetefogeneous
accretion hypothesis. If accretion is rapid and completely efficient in
the sense that it keeps up with the condensation the moon will grow as a
chemically zoned body with successive condensates shielding the early
condensates from further reaction with the gas., One would obtain a moon
composed of a corundum nucleus overlain by perovskite, melilite and
‘diopside shells. More likely some of the early condensate will be
avallable for later reaction with the gas either before accretion or at
the lunar surface. In this case the moon will be composed of diffuse
shells grading from a primarily corundum, pervoskite, melilite interior to
a spinel rich shell overlain by diopside. The diopside and the spinel
can react to form anorthite. The moon iz unlikely to be perfectly prompt
or efficient In accreting material that has condensed in its vicinity
and it may therefore be initially a relatively homogeneous mixture of,
primarily, perovskite, melilitg, spinel and diopside, with, 1f temperatures
fell low enough, some olivine. The amount of olivine is coastrained to
be small since its condensation interval overlaps iron and only 2 small
fraction of the availlable (solar) iron has been incorporated into the
moon. For example, in a cooling gas of solar composition at 10-'3 atn
total pressure, 46 percent of the iron had condensed before forsterite
appears [21]. More olivine may be incorporated into the interior if
the condensation of iron is delayed by the non-equilibrium considerations
of Blander and Katz [52]. As discussed previously, the melilite will break

down to¢ pyroxene plus merwinite at high pressure.
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13, Other considerations

Since the moon is éleérly depleted in iron it is hard to see why
it should not also be depleted in compounds more volatile than iron, as
the surface rocks clearly are. There is no evideﬁée that the interior
approaches chondritic composition.

If the moon is comprised primarily of high temperature condensates,
the interlor, aes well as the surface rocks, will be enriched in Ca, Al,
Ti, U, Th and the RFE relative to carbopaceous chondrites, the Earth or
golar abundances. Similarly, it should be depleted in Fe, K, Na, Rb, S
and H,0. A Ca-Al rich interior has been dismissed by Wetherhill [16],
Ringwood and Eesene [9] and O'Hara et a) [53] because it was believed
that the high pressure phases of Ca~Al rich compounds would lead to
~ densities which would violate the lunar mean density and moment of.
inertia. A;chcugh this 1s true for some assemblages, such as the Apollo
11 basalts, it.is ﬁot a general characteristic of all Ca-Al rich
assemblaged. bimilarly, a4 high concentration of U 1n the interior has
been ruled out because this would lead to temperatures which has been
considered to be too high. The low iron content of the early condensate,
and inferred for the lunar Jnterior, leads to a low intrinsic electrical
conductivity. The interior temperature must be some'SOOOC greater than
inferred previously from the lunar electrical conductivity experiment
and measurements on iron rich rocks {6] . These measurements have pro-
vided some of the main arguments for a cold moon. The other main agru-
ment for a cold moon is hased on its norn-equilibrium shape and the

¥

persistance of mascens. However, when scaled properly for gravity the
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moon 1s much closer to hydrostatic equilibrium than is the Earth or
Mars, and the stresses being supported by the lunar lithosphere are
modest by terrestrial and laboratory standards [6) . The geophvsical
data does not.require a cold, strong deep interior. The long persistence
of lunar igneous activity also strongly suggests that the source region
of the lunar basalis at least was strongly enriched in uranium. It

must be at least high enough to counteract the effects of conduction
through the outer shell in the first 10g years of lunar existence.

The observations presented in this paper suggést ghat the moon
accreted from high temperature condensates, in particular, material that
condensed out of the cooling solar nebula before Fe. This would lead
to a moon that is enriched in refractories and depleted in volatiles
relative to the average composition of the inner solar system. This can
be accomplished if the moon accreted during copdénsation and was com-
peting with a more massive or more favorable disposed body, such as the
earth. The accretion process is only vaguely understoﬁd at best but it
seems clear that the initial stages of accretion will take place most
readily by the coalescence of hot particles orbiting in a dense, viscous
cloud, 1i.e. during the early stages of condensation. This will certainly

be true when the gravitational cross sectlon of the protoplanet is small.

The Origin of the Moon

If the bulk of the moon does represent a high temperature condensate
the question arises, why did the moon not accrete substantial quantities

14
of material that condensed at lower temperatures? There are several

possibilities,
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The tempefature at which an element or compound condenses ogut of a
cooling nebula depends both on the composition and the pressure of the gas.
The temperature of the nebula [55] dies off rapidl} away from the sun and
slowly with distance from the median plane. Pressure diés off with

.distance from the sun and rapldly with height above tﬂe plane. At any
given time the composition of the condensed material, frior to complete
condensation, is a function of location in the nebula. If the uncondensed
gas 1s removed at some stage, the planets and meteorites will differ in
composition.-

The différence in mass and composition of the Earth and the moon can
be explained 1f;

a) The Earth was accreting in a dense part of the nebula, i.e. the
median plane, and the moon was accreting, on the average in allesé-dense
part of the nebula. This could happen, even if thé mbon were always at
1 A.U., 1f it were in a highly inclined orbit - the orbit would eventually
settle down to its present configuration by gas drag, collision and tidal
frictlon. The tendency of the moon to grow slower thén the Earth, and to
get less of the later condensates, wouid be ever more pronounced by the
lower temperatures‘required to condense material at the lower pressures
encountered away from the ecliptic and the high encountér velocities due
to the highly inclined orbit.

b) Even if the moon was always in a low inclination orbit, the fact
that it is orbiting the earth makes ics Encounter velocity with solar
orbiting gains higher than the earth's and therefore its capture probabilify

less [56].
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c) 1If the earth started accreting sooner than the moon, or for some
other reason got a head start, it would always have a larger capture cross
section than the moon. When it became large enough to retain a atmosphere
or, equivalently, to make a significant perturbation in the pressure of its
surrcunding gas envelope 1t would retain infalliing material more efficiently
and material would condense in its vicinity at higher temperatures.

The observational fact that the earth is bigger than the moon and is
enriched in iron. and the volatiles compared to the moon suggests that the
Earth was more favorably disposed to collect the later condensates, and

.
was possibly more favorably disposed throughout its accretional history
:This is possibly related to its central position in the disc. If the
moon's orbit was initially highly inclined it would be.accreting, on the
average, in a less dense part of the nebulae, even théugh it was accreting
at the same distance from the sun as the Earth. The Earth would be con-
tinuously sweeping up the material in the median plahe.while the proto-
moon only crossed it twice a year. An even more important effect is the
pressure dependence of the condensation temperature. Condepsation occurs
firse, in a caoling nebula at the median plane, i.e. the high pressure
region. Condensation occurs at lower temperatures and later times away
from the plane. This ieads to a delayed start for the moon and gives the
Earth a head start on sweeping up material near the central plane, The
scenerio leads naturally to & moor that 1s smaller than the earth and

that is enriched 4in the eaxly condensates and depleted in the later con-

densates,
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Condensation temperatures depend on pressure as shown in Figure 4.
The mean pressure in the nebula is usually taken as 10-3 to 10“&
atmospheres, but the préssure varies with distance from the Sun and with
height above the median plane. Note that the condemsation intervals of
the refractories, forsterite, and iron overlap at high pressures but
diverge at low pressures. The vertical line labeled 1 AU is the temperature
in the vicinity of the Earth's orbit during the high luminosity phase of
the Sun [57]. 1If the Earth were accreting In a dense, high pressure part
of the nebula, such as the median plane, it would have iron and the
magnesium silicates available for incorporation into its interior as well
as the early cohdensing refractories. As it grows, it perturbs the gas
pressure in ita vicinity, or, equivalently, develops a”massive atmosphere
and the effective pressure in ite vicinity will increase, which enhances
condensation in its vicinity. The atmosphere will also make it a more
efficient collector of the condensed material [58]}: Away from the median
plane the temperature remains almost constant {55] but the gas pressure
decrecases rapidly. Condensation, therefore, occurs at lower temperatures,
and in a cooling gas, at later times. As drawn in Figure 4 the Earth
will be more than 50% assembled before the Moon starts. ' If the cooling
rate is constant, the Earth will have spent three times as much time
accre£ing as the Moon. By the time the Moon nucleafes,lthe Earth will
have swept up most of the iron. Even after the Moon stares to form, the
Earth will get most of the remaining iron and other later condensates,
since it is spending all of its time in the median plane while the Moon only

crosses it twice a year and does so with high encounter velocities and a

relatively small capture cross-section.
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15. Summary

The enrichment of refractories in the moon such as Ca, Al, T1i, Ba,

St, REE and U and the depletion of “volatiles" such as Fe, Rb, K, § and
H20 relative to solar or carbonaceous chondritic abundances can be
understood if the moon represents a high temperature (pre~iron) condensate.
The pre-iron condensates represent about 6% of the total condensables
(exclusi;e of H, § and C) and will therefore be enriched in the refrac-
tory trace elements (such as Ba, Sr, REE, U and Th) by a factor of
about 16, relative to carbonaceous chondrites. This is close to the average
enrichment Qbserved in the lunar surface material and in the Ca-Al rich
1nclusions of Type II and IiI carbonaceous chondrites. The bulk surface
chemistry of the moon is consistent with the composition of the low-
melting frac;ion of the early condensables. Trace elements, seismic and
heat flow data are consistent with "enrichment" of Ca, Al and'U at the
surface and in the interior 6f the moon. A Ca-Al rich deep interior
does not imply an unacceptably large mean density. Most of the moon's
comp lement of volatiles may be brought iﬁ by chondritic material in the
terminal stages of accretion.

- The differences between the earth and the moon and the terrestrial

planets can be understood if accretion occurred durilng condensation.
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Estimates of the Composition of the Early Condensate

Table 1

(1) (2) 3 | W (5) (6)
5102 37.4 0.6 1.4 i 33.3 1.1 3.1
'I‘i.O2 0.1 0.1 .05 - —-- ---
A1203 1.3 1.3 1.1 2.4 2.4 2.4
FeO 43,0 == 0.1 35.5 --- 0.2
(0)*
Mgo 15.6 0.3 0.6 23.5 0.6 1.3
Ca0 0.9 0.9 0.9 2.3 1.7 2.0
Total 98.3% 3.2% 4.2% 97.0 5.8% 9.0%
| (5.6%)* (7.4%)* |
Enrichment :
Factor Jix 24x% ,_17x 1ix
(18x)* (lax)*

(1) Solar abundances recalculated to weight percent of the major oxides
(2) Solar "refractory" composition (Ca, Al and Ti compounds); all Ti in
CaT103, remaining Ca0 in CaZAIZSiDT' remaining Alzo in MgAlzo4
(3) Allende Ca-Al rich inclusions scaled to solar Ca0 [24j

(4) Carbonaceous chondrites [17]
(5) Early condensate assemblage scaled to chondritic A1203
(6) Allende inclusions scaled to chondritic A1.0

273

*Ignoring FeO



Table 2

Stability Fields of Equilibrium Condensates

Phase

at ].0“3 Atmbspheres Total Pressure [21]

Trace refractories (1)

Corundum

Perovskite

Meliljte
Gehlenite

Akermanite

Spinel
Merwinite

Metallic Iron
Diopside

Forsterite

Anorthite
Enstatite
Eskolajte

Rutile

A1203
HfOz_

- Mo
CaTio

Ru_

F:azAlZSiO7

CaZMgSiZ'O7

ThO2

MgAl,0,
Ca,MgSi, 0,
{Fe, Ni)

CaHgSizﬂ6

Mg,S10,

Ti 0,
CaAl '
25120a

MgSiO3

Cr203

T102

Condensation
Q
Temperature { K)

1931-1768
1758
1744
1698
1647

1634
1625

1517

1513
1475

1473 (2)
1450
1444
1393
1362
1349
1294

1125



(1)

(2)

Table 2 (Cont'd)

0s, S5¢,0

4041 Te, Ta, Zroz, W, Nb, Y. O

23

The relative location of Fe-Ni in the condensation sequence

depends critically on pressures in the nebula and on departures
from equilibrium, i.e., the nebula may be supersaturated in iron
vapor before condensation ensues. Iron condenses after forsterite,

and presumably diopside, at pressures less than 10-4 atmospheres.



Table 3
i
Trace Elements in Allende Meteorite,

Carbonaceous Chondrites and the Moon

Meteorites R K Moon Moon/Meteorite
(1) (2) 3 (4) (5} (6) (7 (8) (9)
Refractories

Ba  47.3 5 3.6 | 200 6.28  48.9 - 33.4 | 13.6 1.03
La  4.63  0.44  (.28) 18 0.12 4.5 2.62{ 14.5 0.87
Ce 11,5 1.25 .787! 54 0.35 12,2  7.86] 15.5 1.06
Nd 8.40  0.91 .652} 46 0.18  10.3 6.59 | 15.8 1.23
Sm 2,82  0.29 .208 | 15 0.05 3.4 2.14 | 16.2 .21
Eu 1.30  0.11 071 | 2 0.81 1.1. 96| 14.8  0.81
Gd 3.87  0.43 - .256 | 20 0.05 4.4 2.84 ) 17.2 1.14
Dy 4,90  0.42 .303} 25 0.04 5.5 3.53] 18.2 112
Er 3,44 0,31 (182 1 14 0.02 3.1 1.97 | 17.0 0.90
¥b 3.96  0.32  .188 | 13 0.06 2.9  1.85| 15.4 0.73
Sm/Eu  2.17  2.64 2.93 | 7.89  0.06  3.24
u (0.2) 019 0.01 | 0.5  0.015 0.12 - .083] 12. 0,60~

0.03 = ' | 4.00
st 180 13 11 170 178 176 177 | 16.0 0.98

Volatiles

Rb 3.5 1.3 3.0 3.4 0.15 .87 0.61 { 0,29 0.24
K 96- 250 1000 | 1400 120 402 299 0.40 4.17-

415 | 0.97

o
|



K/U

K/Ba
K/Rb

Rb/Sr

(1)

(2)
(3)
(4)
(3)
(6)
(9
(8)
(9)

Table 3 (Cont'd)

Meteorites Moon Moon/Meteorite
(- 2) (3) (%) (3 (6) &) (8) &)
500- 1.3x10° 10° | 2800 9500 3350 |
10,000
2 -9 50 278 7 19 8 ‘
30-120 . 192 330 412 800 462
019 0.10  3.67 [ 0.02 .0008  .0049

Allende Ca-rich inclusions (Gast, et al, 1970); U = (0.2) estimated
from 10x whole meteorite and 16x Cl chondrites; U = 0.03 from
Grossman (1972)

Allende - whole meteorite (Clarke, gg;gl; 1970) ‘

Carbonaceous chondrites

Apollo 11 basalt-mean (Mason and Melson, 1970)

Lunar anorthosite - 15415, 11 (Hubbard et al, 1971)

0.22 basalt + 0.78 anorthosite |

0.14 basalt + 0.86 anorthosite

Column 6 normalized to carbonaceous chondrites

Column 6 normalized to Allende Ca-rich inclusions



Table 4

Enri;hment of Refractories

Allende inclusions/carbonaceous chondrites and

Lunar surface/carbonacecus chondrites

[ 2) (3) @
Ba 13.1 13.6 9.3 12.1
La 16.5 14.5 9.4 12.6
Ce 14.6 15.5 10.0 13.4
Nd 12,9  ° 15.8 10.1 13.6
Sm - 13.6  16.3° 10.3 13.9
Eu 18.3  ° 14.8 13.5 163
cd 15.1 1.2 P 15.0
Dy 16.2 . 18.2 TR I 15.8
Er 18,9 17.0 10.8  14.7
¥b 2.1 154 9.8 13.3
st 16.4 16.0 16.1 16.0
Average  16.1 15.8 11.1 14.1

(1) Allende Ca-Al rich inclusions

(2) .22 basalt + .78 anorthosite

(3) .14 basalt + .86 anorthosite (to eliminate Eu anomaly relative
to Allende inclusion)

(4) .19 basalt + .81 anorthosite (to eliminate Eu anomaly relative

to carbonaceous chondrite)



Table 5

Composition of lunar and Allende Materials

by

(L (2) (3) (4) (3) (6) (1) (8)
si0,  40.4 45.7  44.5  45.0  4l.4  33.7 30.8  29.5
ALO, 9.4 30.6 25.9 27.6 25.5  26.6 27,6  30.0
FeO  19.3 4.5 7.7 6.6 7.5 2.3 0 .-
MgO 7.2 4.8 5.3 5.1 3.3 131 17.8  19.7
cad  11.1 15.8 14.7 15.1 21,3 21.6  22.2 20.7
Ti0, 10.9 0.2 2.5 1.7 0.8 1.3 1.6 ---
Na,0 0.5 0.3 --- - - 1.1 - e
K,0 0.2 .- ——— --- - 0.1 ——- —_—
cr,0, 0.3 0.1  --- - ——- 0.1 -—-- .-
MnO 0.3 0.1 ——- —_- -e- 0.0  --- -

(1) Apollo 11 basalt-mean

(2) Lunar anorthosite

(3) 0.22 basalt + 0,78 anorthqsite (based on trace elegenta)

(4) 0.14 basalt + 0,86 anorthosite (based on trace elements)

(5) Low melting fraction of Allende inclusioms; pyroxene + anorthite (40%)

(6) Allende Ca-Al rich inclusion

(7) Allende 1nc1usioﬁ with low melting fra;tibn removed - i.e. implied
composition of the lunar interior if the moon is composed of the
high temperature condensates

(8) Composition of early condensate (T > 1450°K, P_ = lo-satm)

T
(Grossman, 1972)



Table 6

Compbsition and Transformation Pressures of
High Ca and Al Assemblages

(L) 2y 3y {4) (3) (6)
510, 49.9 - 59.9 53.5 27.5 47.6 53.1
ALO,  16.8 o 17.3 22.5 46.8 20.7 5.0
FeQ 11.4 6.3 4.7 - 8.2 13.5
MnO 0.2 .- 0.1 -- 0.1 0.4
MgO 7.6 3.4 2.1 ——- 7.6 22.5
cao0 9.3 7.1 9.9 25.7 12.5 4.0
Na,0 2 3.7 3.7 - 0,7 0.1
Ti0, 1.3 0.7 1.0 - 1.2 1.0
Pressurex 11, - 15, 15. (lﬁir_ 9, 10.
range(kb)28. ~  28. 31, an’ | Ca. 25,

(1) Olivine tholefite, NMS, Cohen et al, 1967

(2) Diorite, Gréen; 1970 J

{3) Gabbroic anorthosite, Green, 1970

(4) Anorthite + Gehlenite + Corundum; Hays, 1966

(5) . Plagioclase rich lunar basalt 14310; Ringwood and Green, 1972

(6) Model lunar pyroxenite; Ringwood and Essene, 1970

*Pressure range for intermediate density (p ~ 3.3-3.4 g/cma) phases. In
general, the lower pressure is the first appearance of garnet and the

higher pressure is for the disappearance of plagioclase, both at 1200°cC.

(1100°C for column 5).

In the moon 27 kb corresponds to approximately 600 km depth.



Table 6 (Cont'd)

r In column (4) the pressures correspond (o

CaAl S10, + CaALSIO + ALO,~—» + 3CaALSIO (p = 3.43 g/cm’)

27728 22777 y)
anorthite gehlenite corundum pyroxene
and 3C.°.1A128:[06 —_— C.':\B'Alz55.3{)12 + 2A1203
pyroxene - grossular corundum

both at 1400°C.



Table 7

Model Compositions of Lunar Interior

(1) (2) (3) (4) (5) (6)

SiO2 48,8 47.7 47.1 52.9 26.7 61.0

T102 3.8 2.7 3.2 0.9 -- | 0.6

ALO,  25.3 27.8 27.3  17.6 8.3 7.4

Mg 2.1 5.7 6.8 15.4 19.7 24.3

Ca0 16.6 15.8 . 15.6 13.2 25.2 6.5

(1) Allende inclusion with near liquidus phases removed (spinel and
melilite); this is the inferred parent liquid for the lunar
basalts and anorthosites (this paper)

(2) Average crustal composition derived by mixing baéa;c and anorthosite
in the-propdrtions 22% basalt, 78% anorthosite.

(3) Hypothetical parent liquid for Apollo 1l igneous rocks derived from
fractlonal crystallization model (Case 1 of Gast et al, 1970
renorﬁalized)

(4) Hypothétical parent liquid for partial fusion model (Gast, 1972),
renormalized

(5) Deep interior (near.liquidus crystals); Allende inclusions minus
célumn (1) (this paper)

(6) Deep interior, parrial melt model (Gast, 1972); assumptions

a) Ca0 and A1203 contents must be low and b) lunar basalts are

derived from great depth in a single sthge process



Figure 1.

Figure 2.

Figure 3.

Figure 4.

FIGURE CAPTIONS
Composition of lunar basalt [17] and anorthosite [35,59,60]) VEISQS
carbonaceous chondrites (circles and solid lines) and versus
Allende Ca-Al rich inclusions (triang;es and dashed lines) [26].
Chondritic normalized lunar abundaﬂiés versus condensation
temperature. The lower curves is the fraction of the total
material that has condensed as a function of temperature. The
upper curve is the enrichment factor of trace element
refractories in the early condensate.
Equilibrium fields in Ca—A;;fich assemblages. Basalt is from
Ito and Kennedy ([38]; gabbroic anorthosite froﬁ T. Green [39]
and anorthite + gehlenite + corundum from Hays [54]. The
transformation akermanite + merwinite + spinel (p = 3.29 glcm3)
occurs close to the ghOrthite + gehlinite + corundum + pyroxene
boundary and its downward projection [45].
Condensation temperature versus total pressure in the golar nebula.
The temperature‘at l A.U..;s from [57). The Earth and the Moon
are placed on this line in such a position toxexpla;% their
bulk compositions assuming they accreted only froéLﬁﬁéerial that
condensed at this and higher temperatures. The other terrestrial

planets can be placed on this diagram in such a way to explain

their size, composition and presence or absence of satellites.
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